SUMMARY
INTRODUCTION
Metal-independent bacterial phosphatidylinositol-specific phospholipase Cs (PI-PLCs, EC 3.1.4.10) catalyze the conversion of phosphatidylinositol (PI) to diacylglycerol (DAG) and 1,2-cyclic inositol phosphate (IcP), as well as the subsequent hydrolysis of IcP to inositol phosphate (IP) -a step that is 1000 times slower than the first one (1) . Extensive mechanistic studies have led to the proposal of an elaborate mechanism involving a catalytic dyad Asp274 His32 and a novel catalytic triad His82 Asp33 Arg69, as summarized in Figure 1 . In this mechanism, the three residues in the triad function together to activate the phosphate group and protonate the leaving group in a highly cooperative manner, as established by the extensive use of mutagenesis and the study of thio-effects. Several other studies have suggested that the function of the dyad Asp274 His32 is to serve as the general base (2) (3) (4) . The focus of this paper is to report our indepth studies, which further dissect the roles of the dyad, as elaborated below:
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The three-dimensional structure of B. cereus PI-PLC complexed with myo-inositol, a substrate analog, has been determined by X-ray crystallography (2) . It was found that the N 2 of
His32 is optimally positioned (2.8 Å) for proton abstraction from the C2-hydroxyl group of myoinositol, while its N 1 forms hydrogen-bond (H-bond) (2.7 Å) with the O 1 of Asp274 ( Figure   2A ). A recent NMR study showed that the H-bond between Asp274 and His32 in the free enzyme fits into the NMR criteria for a short strong hydrogen bond (SSHB): a highly deshielded proton resonance, a bond length of 2.64 Å, a D/H fractionation factor significantly lower than 1.0, and a protection factor > 100 (5) . This type of H-bond has been postulated to play a crucial role in enzymatic reactions, particular those involving the general acid/base catalytic mechanism, by providing substantial stabilization energy (10 -20 kcal/mol) for the intermediate or transition
state (6) . However, we have shown that replacing Asp274 with an asparagine residue has a relatively mild effect (40-fold decrease) on catalysis (4) . In addition, X-ray structural analyses showed that the side-chain of Asn274 in D274N is virtually unchanged when compared with Asp274 in WT, and Asn274 still forms a H-bonding interaction with N 1 of His32 (3) ( Figure   2B ). These data led us to ask the following questions: (i) Does SSHB exist in mutants D274N TAT GTA AGC TTG AAT TAC CCA G-3' (D274A). All mutations were verified by sequencing. All proteins were purified as described previously (4,7). NMR Methods. 1D 1 H NMR experiments were carried out on a Bruker DMX-600 spectrometer at 280 K using a jump-return sequence for solvent suppression (8 Under the same conditions, we found that this low-field proton peak shifted to 13.6 ppm in D274N ( Figure 3C ) and was missing in D274E ( Figure 3D ). The crystal structures of WT and Extensive studies and debates have appeared in the literature since the idea of low barrier hydrogen bond (LBHB or SSHB) was first proposed (12) (13) (14) (15) . Two of the key questions are the strength of the LBHB, and its contribution to the rate-enhancement of the reaction catalyzed by the enzyme. In order to address these issues for the SSHB in PI-PLC, we performed pH dependence studies on the hydrogen bonding and the catalytic activity of both WT and D274N.
The different properties of the two mutants provide insight to these issues.
pH Dependence of the Low-field Proton Resonance of D274N and WT PI-PLC. We examined the effects of pH on these low-field proton peaks. Results from the pH titration of WT and D274N are shown in Figure 4 . For WT, the low-field proton peak shifted from 16.3 ppm at pH 6.0 to 13.8 ppm at pH 9.0, and the calculated pK a is 7.4 at 7 C ( Figure 5A ) (Footnote 2).
For D274N, the low-field proton peak shifted from 13.5 ppm at pH 5.0 to 11.5 ppm at pH 8.0, and the calculated pK a is 6.4 at 7 C. This result shows that the D274N mutation leads to a 1-pH unit decrease in the pK a of His32, which can be explained by the perception that the negatively charged carboxyl oxygen can better stabilize the positively charged imidazole ring.
Similarly, the LBHB exists in the protonated dyad His57 Asp102 of the free chymotrypsin and the pK a of the His57 was reported to be 7.5 at 3 C (16) as shown in Figure 5B . However, pK a of the His57 of chymotrypsin increases by ca. 5 pKa units when complexed with transition 8 state analogs (Figure 5C ), which indicates that the LBHB strengthens in the transition-state complex (17 Further analyses demonstrated that the enhanced activity of D274G by these anions obeys saturation kinetics with respect to the anion concentration (Figure 7) . The magnitude of D274G activation by different anions is summarized in It is possible that the pH optimum of D274G has changed, thus maximal activities were not observed. To test this possibility and the role of N 3 -(stated above), we examined the dependence of activity on the pH. As shown in Figure 9 , the pH-activity profiles of D274G in the absence and presence of rescuing ions are both bell-shaped curves. The pH optimum changes from pH 5.0 to pH 6.0 in the presence of Cl -(or to pH 5.6 in the presence of N 3 -). This suggests that the GB in the Michaelis complex functions more efficiently at a higher pH in the presence of rescuing anions. It is striking that the activity of D274G at optimal pH increases from 1.75 U/mg to 100 U/mg in the presence of Cl -(98 U/mg in the presence of N 3 -). Note that this rescued activity of D274G (100 U/mg) is 3-fold higher than that of D274N (33 U/mg). As controls, the pH dependence of D274N, D274E, and WT in the presence of 1 M Cl -were examined. Within experimental errors, the activities of D274N and D274E are not affected by Cl -, and the pH profiles remain the same. For WT, the activities generally increased by ~ 2-3 fold and the pH optimum became 7-8 instead of 6-9 in the presence of 1 M Cl -.
Taken together, these findings suggest that anions with small radii can bind D274G by occupying the cavity created by the aspartate to glycine mutation, and consequently stabilize the positive charge on the GB (His32) through electrostatic interaction (lacking directionality) and activate D274G. These findings also infer that Asp274 may play a trivial role in orienting the His32 side chain to abstract proton from the 2-OH from the inositol ring. We are not aware of any previous examples of a halide ion substituting for a carboxylate side chain in Asp/His dyad.
This pattern suggests strongly that the role of Asp274 is a source of fixed charge rather than a proton acceptor in the catalysis by PI-PLC. Thus our results provide another clear example that the "charge-relay mechanism" (20,21) , which was proposed for catalytic dyad/triad in the past, is not operative for the Asp274 -His32 dyad.
Comparison with Serine Proteases and sPLA2. Both the NMR behavior and the structural conservation strongly suggest that the hydrogen bonding of Asp274 His32 in PI-PLC are closely related to the catalytic triad of serine proteases and catalytic triads/dyads in a growing list of other enzymes (5) . What are the differences between the Asp His dyad in PI-PLC and that in the classic serine proteases? Previously, the contribution of LBHB in serine proteases to catalysis was often estimated from the decrease in k cat /K m (by a factor of ca 10 4 ) when the active site Asp was mutated to Asn (22, 23) . However, it is important to note that this loss cannot be attributed entirely to the loss of LBHB, for the tautomeric form of the His residue is reversed in the D102N mutant of trypsin (24) . A substantial fraction of the loss of activity is likely caused by the change in the tautomeric form of the histidine residue. Consistent with this interpretation, a recent study has shown that the LBHB (Asp32 His64) of subtilisin Bacillus protease N' can 13 be partially (2%) replaced by a normal strength hydrogen bond (Cys32 His64) of mutant enzyme D32C (25) .
For bovine pancreatic secreted phospholipase A 2 (sPLA2), the Asp99 His48 dyad functions similarly to the Asp274 His32 dyad of PI-PLC. A significant difference resides in the tautomeric form of the imidazole ring (in sPLA2, Asp99 H-bonds to the N 2 of His48; whereas, in PI-PLC, Asp274 H-bonds to the N 1 of His32) (26) . Unlike PI-PLC and serine proteases, the SSHB in PLA2 exists between the N 1 of His48 and one of the non-bridging phsophonate oxygen atoms in the transition-state analog, whereas a normal H-bond is formed between the N 2 of
His48 and the O 1 of Asp99 at low pH or in the presence of the transition-state analog (HK32).
Similar to that has been observed for the mutant D274N PI-PLC, both the X-ray crystal structure and NMR experimental results suggest that a regular HB exists between Asn99 and protonated His48 in the D99N mutant of sPLA2, and D99N still preserves 5% of the catalytic activity 
